Before railroad and lorry traffic became common, many canals were built for transportation purposes. Water quality in canals has become a major concern as maintenance of these historically active canals has declined. A generic canal model has been developed to simulate the hydroenvironmental processes specifically relevant to inland navigational canals, namely lockage, weir overflow, boat traffic, and algal growth. Apart from the movement of water, three types of particulate matter are tracked: algae (chlorophyll-a), inorganic non-cohesive sediment, and inorganic cohesive sediment. The newly developed model was applied to the Kennet and Avon Canal in southern England. The method of determining the input parameters for the model was documented herein, including setting up a Hydrological Simulation Program -Fortran model to obtain the landscape flow and sediment runoff to the canal. The model predictions were compared with the observed hydrological, sediment, and chlorophyll-a data at monitoring locations along the canal, and favourable agreements were achieved.
INTRODUCTION
There are many canals and navigable waterways in the United Kingdom with the potential to contribute poor quality water to natural streams (Swanson et al. ) .
During their heyday, circa 1,840, nearly 6,600 km of inland waterways existed, including both canals and rivers that were made navigable (Hadfield ) . Over the subsequent years, railroads and lorry traffic led to a decline in canal use. By the time of the 1968 Transport Act, when all existing canals in Britain were classified into commercial waterways, cruiseways (for amenity use only), and remainder waterways, only 3,220 km remained. Of these, 917 km were classified as 'remainder' waterways: not legally abandoned, but not financially maintained by the Government. For them, private groups, such as the Kennet and Avon Canal Trust, voluntarily contribute to the maintenance of the canals. Some of these historic canals have experienced poor water quality. Hence, private citizens and Government officials alike will benefit from computer models that can simulate the hydro-environmental processes in inland waterways in light of environmental concerns.
Although many hydrodynamic models exist for riverine systems, few canal models exist (Heatlie et al. ) . In particular, while modelling efforts have been undertaken for is located near the bottom of the downstream gate to allow water to drain out of the lock when needed. As a boat moves through a lock, it is necessary to completely fill or drain the lock (as appropriate) so the water level on both sides of the gate to be opened is equal; otherwise the water pressure This study aims to develop a numerical model to evaluate the effect that canal operations have on water quality, specifically the concentrations of suspended particulates, including both inorganic sediment and biological materials.
The reliability of the new canal model is verified in modelling the Kennet and Avon Canal in southern England, which has experienced severe water quality problems caused by high concentrations of inorganic sediment and algae (Neal et al. a) .
CANAL MODEL DEVELOPMENT Overall method structure
The basic system simulated is a series of reaches connected by locks and weirs. In the canal model, each reach is naturally taken as a control volume, which has four basic state variables -water volume (V ), cohesive sediment mass (S coh ), non-cohesive sediment mass (S non ), and algal mass (S alg ). The major variables of the solids are expressed as mass, rather than concentration, to simplify the present model framework. Knowing the water volume, mass and concentration can be easily converted from one to the other. Various inflows, outflows, sources and sinks associated with a reach can be represented as functions of these four variables. Based on the conservation of mass principle, a nonlinear ordinary differential equation can be written for each of the four quantities in a reach. The equations for all the reaches along a canal are coupled together, and can be solved numerically. Figure 3 lists all the relevant inflows and outflows that may be associated with a reach. They are all included in the developed model, for the sake of maintaining generality, whose detailed implementation can be found in Zeckoski (). However, some of them may be negligible for a specific canal. In the following subsections, only the key processes for the Kennet and Avon
Canal are described.
It should be emphasised that the core model is a standalone receiving water model of the canal. Therefore, the processes less inherent to the canal operation, such as water/solids runoff, other external inputs, and abstractions, need to be supplied to the core model via time series generated outside the model. This increases the generality of the core model. The algorithms have been translated into computer code using the Microsoft Visual Basic 2008 programming language. A graphical user interface was created to aid the user in the input of needed parameters. In programming, objects were created to represent reaches and locks. It is hoped that the modularization of the code will make it easily portable for any future model developers who may take interest in it. 
Flow model
The water level along a canal is mainly controlled by three factors: one input control and two output controls. First, a relatively large and constant source of water feeds the summit reach of the canal; this may be pumped from a reservoir or may come from a natural feeding stream. This source water then trickles downstream to govern the water input to each successive reach. Insufficient input to the summit reach will cause the water depths in all reaches to drop.
Excessive input to the summit reach may cause flooding.
Given a sufficient input of water to the summit reach, the water level along the length of each reach is governed primarily by the height of the overflow weir, one of which can be seen in Figure 1 These three factors in a canal are designed to balance each other: the source of water is designed to be large enough to counteract the water loss through expected lockages, leakage, and seepage; and the overflow weirs allow water to bypass the locks while boats are absent.
The flow model quantifies these relationships unique to canals, including lock-associated flows (called lockages henceforth), weir flows, runoff, seepage losses, leakage, etc. Because the reaches between locks are designed to be level, flow due to the slope of the stream is insignificant, and thus a typical hydraulic model based on bed slope and roughness is inapplicable for these purposes. Equation (1) is the basic governing equation for the flow calculation in a reach:
where V is in m 3 , t is time (s), Q in (t) represents the sum- 
where C d,weir is the weir discharge coefficient (dimensionless, suggested to be 0.611 by Henderson ()), g is the acceleration due to gravity (m/s²), L weir is the length of weir crest (m), and H weir is the depth of water above weir crest (m). Lateral contraction was noticed during the survey for the majority of the weirs along the canal, so the above unsuppressed weir equation is suitable. When the weir becomes submerged, the small entrance of the weir prevents the large weir conduit to be completely filled with water. In this case, Equation (3) for orifice flow is used:
where H sides is the height of weir box opening (m). Equation If boats move through a lock in alternating directions, each boat passage will cause either a lock volume to be drawn from the upstream reach or a lock volume to be deposited in the downstream reach. It is evident that having boats move in alternate directions through a lock is an ideal situation, as it halves the amount of water needed compared to the same number of boats travelling in the same direction. However, it is difficult to force this in a real-world situation.
During boat passage through a lock, a volume of water equal to the volume of the lock will be taken from the upstream reach, or deposited to the downstream reach, or both. Equation (4) describes averaged flow rate considering these scenarios.
where E boat is the efficiency of boat movement defined as the ratio of the number of boats moving in opposite directions to the total number of boats (dimensionless), F boat is the frequency of boat movement (boats/s), and V lock is the volume of lock (m³/boat). The term (1-E boat ) in Equation (4) represents the contribution by the boats moving through the lock sequentially in the same direction; the term E boat /2 represents the contribution by the boats moving consecutively in opposite directions. An entire lock volume is lost from the reach every time a boat passes the lock going the same direction as the previous boat, but the same volume is lost only every other time a boat passes the lock going the opposite direction of the previous boat.
Water quality model

General
As mentioned before, the main water-quality parameters of concern in this study are suspended particulate matter.
Hilton & Phillips ( Organic solids may include detritus from the land surface and faecal material, but free-floating algae (or phytoplankton) are of the greatest concern. Unlike other sources of organic material, algae are living and will reproduce in water. The low flow rate, and thus long residence time, in the canal encourages algal growth. The construction of canals eliminated trees close to water, and typical usage patterns since their construction tend to keep the surrounding area clear, historically for horses to pass on towpaths, and more recently for walkers and bikers to use towpaths recreationally. As a result, light availability is typically high in a canal, which in turn leads to increased water temperature. All of these factors provide a beneficial habitat for algal growth, which can be an important contributor to solids concentrations when nutrients are available in sufficient quantities to support algal growth.
Inorganic sediment
Inorganic sediment is tracked in two classes: cohesive and non-cohesive. Equation (5) is the basic governing equation
for the inorganic sediment calculation in a reach.
where S represents the mass of either non-cohesive sediment The fall velocity of non-cohesive sediment is a straightforward function of the particle diameter (Soulsby ):
where ν is the kinematic viscosity of water (m²/s), d is the diameter of sediment (m), and D * is the dimensionless grain size defined as:
with s being the specific gravity of sediment (2.65 for fluvial sediment).
Due to their large surface area and charge, cohesive sediments have a tendency to flocculate, resulting in a larger fall velocity than that of individual particles. The empirical relationship developed by Manning () has been adapted to estimate the mass settling flux, which is based on the cohesive sediment concentration and bed shear stress. A key feature of Manning's work is the separation of cohesive particles into 'macroflocs' (flocs with diameter >160 μm) and 'microflocs' (flocs with diameter <160 μm), whose relative contributions to the total mass settling flux depend on the ratio of the suspended macroflocs to suspended microflocs, r sed :
With a near-zero flow velocity and thus bed shear stress, the fall velocities of macroflocs (w s,macro ) and microflocs (w s,macro ) are:
The total mass settling flux is then:
In a typical canal, it is expected that the boat contributions to the inorganic sediment greatly exceed those from weir flow, runoff and external sources. The boat travelling generates a plume of sediment in the wake. As the boat traverses a reach, it will cause sediment production along the entire length of the reach, and thus the concentration stirred up by the boat is multiplied by the volume of the disturbed water to obtain the total sediment load generated by the boat in the reach. Bird's-eye views of the boats cruising on the Kennet and Avon Canal were found in Bing.com (Microsoft Corporation), which clearly show that the width of the boat-generated plume is approximately equal to the boat width. It is assumed that the sediment load is evenly distributed from the bottom of the canal to the water surface, roughly in a rectangular cross-section. An estimate of the boat-disturbed sediment concentration can be made by on-site sampling. Then, the total mass of sediment generated by a boat in a reach is:
where F reach is the frequency of boat passage in the reach (boats/s), which may differ from the boat passage frequency at locks F boat in Equation (4) (6) and (11), with the detailed algorithm given in Zeckoski ().
By contrast, the lockage-induced sediment transfer between neighbouring reaches can be significant. A large slug of sediment is expected to move from one reach to the next with each lockage, because the water used to fill the lock is drawn from near the bottom of the reach. Furthermore, this movement happens in direct association with the sediment disturbance caused by the opening of the lock gates and boat manoeuvres. Therefore, the sediment that moves with water to fill the lock and subsequently discharge downstream is assumed fully mixed. Hence, it is assumed that sediment transfer between canal reaches via lockages happens at the average concentration of the reach, giving:
Apart from this bulk movement of sediment with the flow, Zeckoski () also considered the sediment generation by the movement of lock doors during the lockage, but subsequent analyses showed that the influence of this process was not significant. This paper focuses on the most important influencing factors, thus omits the sediment increase from the lock doors scraping the bottom.
Algal model
Research has shown that live algae attempt to keep themselves suspended in the euphotic depth (e.g. Malone ).
The algal death and the resulting settling are not considered separately, but are incorporated indirectly as part of the growth rate. The mass conservation of algae needs to include both algal growth and hydrologic transport (e.g.
Pridmore & McBride ). The basic model equation for
algae is given as Equation (14):
where S alg is the algal biomass as mentioned before (mg), QS alg,in (t) is the summation of the algal inflow to the reach as a function of time (mg/s), QS alg,out (t) is the summation of the algal outflow from the concerned reach as a function of time (mg/s), and μ is the algal growth rate (s À1 ). As can be seen later, the algal growth rate will be negative if there is insufficient nutrient to support the existing algal population.
In keeping with the primary factors found in the literature, temperature, light availability, and nutrient level are regarded to most affect algal growth. A maximum growth rate is first calculated based on water temperature, and is then modified to take into account other controlling factors.
Given ample light and nutrients, the maximum growth rate as restricted by water temperature can be written as (Eppley ):
where μ max,T is the maximum growth rate (s À1 ) at water temperature T ( W C). This maximum growth rate for algae in the canal is then limited by light availability as described by Bicknell et al. () :
where μ max is the maximum growth rate based only on 
where r chl is the conversion ratio from chlorophyll-a mass to dry algal biomass taken to be 60 herein, S P is the total phosphorus concentration (mg/m³), and V ED is the euphotic volume of the reach. The value of 60 for r chl was chosen after a survey of literature estimated values ranging from 6.7 to 1,861 with an average value of 107 and a median value of 65; Zeckoski () provides the detailed survey.
Algae are dynamic creatures, so it is not surprising to find a wide range of r chl . Algae are considered be present from the water surface to the depth that light penetrates.
where W reach is the width of the reach, and ED is the euphotic depth defined as the depth of light penetration. Following
Bicknell et al. (), ED can be calculated by:
where LITALG is the light extinction coefficient due to algae, LITSED is the light extinction coefficient due to inorganic sediment, and EXTB is the base light extinction The corresponding algal flux is a product of the concentration of algae in the euphotic volume and the flow rate through the weir.
Conversely, the turbulence associated with the lockage operation implies that the algae entering and leaving a lock will be thoroughly mixed in the lockage water. Therefore, lockages may be regarded to draw water from the entire water column, and the associated algal flux is:
Solution algorithm
Due to the existence of some highly nonlinear terms,
Equations (1), (5) and (14) have no analytical solution.
The present canal model uses an implicit central Euler scheme to solve these differential equations numerically.
Taking the hydraulic Equation (1) for example, it can be discretised into:
where the superscripts n and n þ 1 designate the consecu- This area is predominantly agricultural, with a loamy soil texture, roughly 30% sand, 45% silt, and 25% clay (Jarvis et al. ) . The digital elevation model originally generated by the Centre for Ecology and Hydrology was used to divide the whole catchment into subcatchments.
Some intermediate subcatchments were split along the watershed between the rivers and the canal. The final catchments were then classified as contributing to the canal or contributing to the rivers depending on whether they fell on the canal side or the river side. In doing this, it was assumed that any area between the canal and the river contributed to the river, as the canal bank was typically slightly elevated above the river bank. Some very small subcatchments have been carefully created along the canal, whose borders coincide with the locks to establish a one-to-one correspondence between the subcatchments and the canal reaches. Therefore, the correct runoff could be apportioned to each reach of the canal. The segmentation of rivers also takes into account the locations of the river gauges.
After delineation, the overland model was successfully cali- suggested by Beer (), the daily-averaged temperature is assumed to change sinusoidally during a year:
where T mean is the mean annual temperature (12 W C), T mag is the magnitude of the annual temperature variation (6.54 W C), To start the time-marching procedure, initial conditions need to be specified. Because the water level in a canal is held mostly constant by design, the initial water storage V of each reach is calculated by assuming that the water is at the overflow weir level. The initial storage of inorganic sediment can be specified at zero, corresponding to the situation with no boat traffic. The initial storage of algae in the reach is calculated as half that supportable by the monitored phosphorus level, given abundant light. Experimentation with the model showed that the effects of initial conditions vanished within a month into the simulation, suggesting that, with a sufficient 'start up' time for the model, any inaccuracies generated by these simplistic estimates on initial conditions will disappear. The time step for the canal model was set to one day, which matches the resolution of the available input data.
Modelling results
A sensitivity analysis of the various input parameters was conducted. Zeckoski () presents a full analysis of the sensitivity of the model to each input parameter. In summary, the total flow rate in the canal is most sensitive to the external flows that feed the canal; the flow through the weirs (used in calibration) is sensitive to multiple parameters but particularly the external inflows, the depth of the weir, Chlorophyll-a data, considered to be representative of algal concentration, were available at two sites on the canal (Crofton and Hungerford labelled in Figure 4 (a)), again collected by the Centre for Ecology and Hydrology (Neal et al. ) . Because the model predicts algal dry mass rather than chlorophyll-a concentration, the conversion factor r chl used in Equation (17) The model developed herein is sufficiently general to allow its application to other canals. The value of the model will be further demonstrated in a following paper to examine and optimise the Kennet and Avon Canal management plans to improve water quality.
